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Polymers 

Are complex mixtures for which physical properties 

such as:  

O  tensile strength 

O  elasticity  

O  thermal and oxidative stability  

as well as molecular properties such as:  

O  repeat unit  

O  end group or pendant group compositions 

O  branching 

O  molecular weight distribution 

O  additives composition  

are required for complete characterization. 



Mass Spectrometry Tools 

• MALDI 

• LD 

• ESI  

• FD 

• SIMS   

• GC/MS 

• LC/MS 

• KIDS  

• Pyrolysis (EI or CI) 

• ESI-IMS/MS  



Challenges for Mass Spectrometry 

• Molar mass distribution (e.g. wide PD polymers) 

• Ionization (e.g. non-polar, polyanion, insoluble polymers) 

• Chemical composition (e.g. high-mass homopolymers, 

and lower mass co- and ter-polymers, especially with multiple end 

groups) 

• Secondary structure (random, block, branched) 

• Tertiary structure (e.g. elastomers) 

• Quantitation (e.g. ends, additives, blends) 

• Fast, cheap and accurate 
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ESI MS for Studying Polymerization 

Catalysis 

• Ethylene oligomers attached to 

homogeneous Ziegler-Natta Pd catalysts.   

• Distributions were observed for the catalytic 

centers before and after chain transfer 

• Obtained absolute rates of initiation, 

propagation, and chain transfer 
 

• Hinderling, C.; Chen, P. Int J Mass Spectrom, 2000, 195/196, 

377-383. 
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MALDI MS of a Random Copolymer 
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sample 
holder laser (N2-

laser 

=337 nm) 

analyte 
matrix   desorption and 

ionization of the 

macromolecules        

Matrix-Assisted Laser 

Desorption/Ionization (MALDI)  



Properties and Significance of 

MALDI 
• Mild desorption/ionization: often fragment-free 

• Nearly unlimited mass range  

• Broad applicability to macromolecule 

characterization: 

– Low sample amounts required  

 important for biological applications 

– Singly charged molecule ions  

 important for synthetic polymers and mixtures 

 MALDI and ESI complementary 



homogenous solution!? 
homogenous crystal formation!? 

dissolved 
matrix 

dissolved 
analyte 

Solvent-based Sample Preparation 

Karas, M., Bahr, U., Bachmann, D., Hillenkamp, F. Int. J. Mass Spectrom. Ion Processes  
1989, 92, 231-242.  

dissolved 
analyte/matrix 

homogenization transfer 



mechanical 
mixing 

dry  
analyte  

dry 
matrix  

homogenization transfer 

no changes in 
homogeneity!! 

Solvent-free Sample 
Preparation 

dry 
analyte/matrix 

homogenous 
powder!? 

Trimpin, S., Rouhanipour, A., Az, R., Räder, H.J. and Müllen, K. Rapid Commun. Mass Spectrom. 

15: 1364-1373, 2001.  



Mortar and pestle 

Ball Mill (mini ball mill) 

Vortex devices 

Analyte/matrix homogenization 

http://vwrlabshop.com/product.asp_Q_pn_E_0011165


Advantages Beyond Solubility of  

Synthetic Macromolecules  

• Lower laser power (reduces fragmentation) 

• Greater sensitivity (for some analytes) 

• No segregation (fewer optimization trials) 

• No solvent induced modifications (e.g. 

oxidation) 



Advantages Beyond Solubility of  

Synthetic Macromolecules  

• Less laser power (fragmentation intense analytes) 

• No segregation (fewer optimization trials) 

• No alteration of sample during sample prep 

Trimpin, S., Keune, S., Räder, H.J., Müllen, K. J. Amer. Mass Spectrom. 17: 
661-671, 2006.  



dry analyte  dry matrix  

Homogenization + transfer 
 

Solvent-free single sample preparation 

Vortex 

dry analyte/ 
matrix 

MALDI plate 
 
 
 

Hanton, S.D.: Parees, D.M. J.Am. Soc. Mass Spectrom., 2005, 16, 90-93.  

With BB’s 

Transfer with spatula 



dry analyte  dry matrix  

homogenization/transfer 
simultaneously  

Solvent-free multisample preparation 

MALDI plate 

mechanical 
mixing 

dry analyte/matrix 

homogenous powder!? 

Sample preparation 
reduced to a single 
step. 
  

Time savings  
 
 Multiplexed sample 
preparation gives 
prospect for high 
throughput 
 

Trimpin, S., McEwen, C.N. JASMS , 2007, 18, 377-381.  



Bactiplate (A) and Mirror Image MALDI Plate (B)  

Employing 5 min. Vortexing 
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Multisample Solvent free MALDI Preparation  
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Multisample Solvent-free MALDI Preparation: IA and IB comparing  

reproducibilityIIA and IIB comparing solvent-free vs. solvent-based 
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Multisample(25) Solvent-free MALDI 
Analysis 

2 min 

                  Homogeneous Surface Important for Quantitation 

5 min 



dry analyte  dry matrix  

homogenization/transfer 
simultaneously  

Solvent-free multisample preparation 

MALDI plate 

mechanical 
mixing 

dry analyte/matrix 

homogenous powder!? 

Multiplexed sample 
preparation gives 
prospect for high 
throughput 
 

Sample preparation 
reduced to a single 
step. 
  

Time savings  
 
 

Miniaturization  
aiding sensitivity 
increase 
 

Trimpin, S., McEwen, C.N. JASMS, 2007, 18, 377-381 



Multisample Solvent-free MALDI Analysis 

 

custom-made sample  
holder 

Precise transfer 

MALDI plate 



LC 100-Sample Solvent-free MALDI 
Analysis  

Model Polymer Mixture of 5 PEG samples 

100-sample solvent-free MALDI sample preparation  

Dr. Jana Falkenhagen, Dr. Steffen M. Weidner; BAM, Berlin, Germany. 

Dr. Charles N. McEwen, DuPont, Wilmington, DE. 

Dr. Sarah Trimpin, OSU, Corvallis, OR. 

LC fractionation of PEG samples  

Mass Analysis 



Liquid Adsorption Chromatography at “Critical’ Conditions 
of Adsorption (LACCC)-Fractionation of PEG samples 1 

System: 
 

Column:   2 X YMC RP 18 (150, 300 Å) 
Solvent: Methanol / Water; 83/17, v/v 
Detection: ELSD, SEDEX 45 (Sedere, ERC) 

Temperature:  45°C 
Flow:   0.5 ml/min 
Concentration:           5 samples,  

   total amount: 5.41 mg/mL 
Injection amount:      10 µl and 1 µl 
1 fraction (25 μL) per 3 seconds  
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s
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retention time [min]

2 x 43 fractions collected in 200 μL vials with 3 beads present,  
dried to completeness, sent out for solvent-free multi-sample analysis 

Injection volume: 
10 µl  
1 µl 

1 Falkenhagen, J., Weidner, S.M. Rapid Commun. Mass Spectrom. 19: 
3724-3730, 2005.  



Solvent-free Multisample Loading 

mechanical 

mixing 

dry analyte/matrix 

homogenous powder!? 

Non ESI-sprayable LC 

conditions  possible 

Simplifies and 

automates sample 

loading  

Ionization of molecules  

inaccessible by 

traditional MALDI 
S. Trimpin, S. M. Weidner, J. Falkenhagen, C. N. McEwen, Anal. Chem. 79, 7565-7570 (2007).  

Automated loading 
 

Non traditional solvent 

systems may aid 

improved separation  

Time savings 

LC 



Multiple MALDI plates prepared from the same assembly using 
the 100-sample homogenization/transfer method (vortex-based) 

MALDI plate 1: 10 minutes MALDI plate 2: 1 minute 



Mass spectra of the MALDI plate 2 (1 minute transfer) 

10 μL injection 
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Mass spectra of the MALDI plate 2 (1 minute transfer) 

1 μL injection 

PEG 500 
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Conclusion: Multisample solvent-free 

preparation and transfer 

• Total time per sample is < 1 min. 

• Eliminates need to dissolve analyte 

• Best for polymers with Mn < 10 kDa 

• Use with multiple samples or for optimization 

• Prepare >100 samples simultaneous 

• Smaller mixing volume translates to lower 

sample requirement 

• All the advantages of the solvent-free method 



Polymer Identification and  

Analysis of Additives 

Atmospheric Solids Analysis Probe 

Mass Spectrometry 

(Fast/inexpensive) 



+ 

+ 

- 

- 
+ 

+ 

+ 
+ 

+ 
ASAP 

Probe 

HV 

Mass 

Analyzer 

N2 

+ 

ASAP-MS 



Direct Analysis using ASAP  

  

• Rapid analysis of 
• Solids 

• Liquids 

• Polymers 

• Biological tissue 

• Sensitive, ease of use, broad applications 

• No interference with standard ion source 

operations 

• Enclosed ion source for safety 

 



ASAP for Polymer Additive  

and Volatile Oligomer Analysis 

• Obtain mass of additives in seconds 

• No sample extraction or preparation required 

• No vacuum lock 

• Accurate mass or MS/MS for confirmation 

• Molecular distribution can be obtained for 

volatile polymers 

• No interference with ESI/APCI operation 



API source housing

LC interface probe

N2 nebulizer gas

MS inlet

N2 purge in

Discharge

needle

Heated 

desolvation 

gas 

Flange 

Melting point 

capillary 

LC connector 

N2 purge 

vent 

ASAP Ion Source 

Mass Spec 

APCI/ESI Probe 



Ion source

flange

Mass spec

Probe

5

needle

Mp tube

LC interface

19

N2

heater

Fused silica

LC connect

Heated gas

ASAP-MS.COM 

Commercial ASAP Probe 



ASAP Waters Fishbowl Probe 



Thermo-Fisher 

Ion-Max Source  

With ASAP Probe 



N2  +  e    N2
+
  +  2e                                                          (1)

N2
+
  +  2N2    N4

+
  +  N2                                                    (2)

N4
+
  +  H2O    H2O

+
  +  2N2                                              (3)

H2O
+
 + H2O    H3O

+
 + OH                                                (4)

H3O
+
  +  n(H2O)  +  N2    H

+
(H2O)n  +  N2                        (5)

H
+
(H2O)n  +  A    AH

+
  +  nH2O    (where A = analyte)    (6)

Nitrogen Purge Ion Molecule Reactions 



PEG1470_070523092315 #10 RT: 0.22 AV: 1 NL: 1.31E7

T: FTMS + p APCI corona Full ms [ 400.00-2000.00]
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JAYCOX_Z_DOL_070504102847 #14-27 RT: 0.29-0.41 AV: 14 NL: 7.76E6

T: FTMS + p APCI corona Full ms [ 1000.00-4000.00]
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Howell_40_asap_080229144255 #119-187 RT: 1.14-1.76 AV: 69 NL: 3.66E7
T: FTMS + p APCI corona Full ms [ 500.00-4000.00]
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Polymer Additive Analysis 

• Obtain mass of additives in seconds 

• No sample extraction or preparation 

required 

• Accurate mass or MS/MS for 

confirmation 

 



ASAP 200 C of nylon carpet 
Sample collected by rubbing 

mp tube on (new) carpet 

 

Erucamide 

Processing aid 

Py-Carpet_ASAP_N6_nf_070222141118   # 5-26 RT: 0.07-0.26 AV: 22 NL: 9.14E6 
T: FTMS + p APCI corona Full ms [ 50.00-1300.00] 
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MSMS m/z 338 

Alkyl fragmentation 

H2O 

NH3 

CH3(CH2)20CONH2 

Py-Carpet_ASAP_N6_nf_070222141657   # 36-61 RT: 0.95-1.63 AV: 26 NL: 1.55E4 
T: FTMS + p APCI corona Full ms2 337.30@25.00 [ 90.00-400.00] 
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Chang_b_40ppb_070320155849 3/20/2007 4:01:47 PM 117 series 40ppb standard

asap

RT: 0.00 - 0.43
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Chang_b_40ppb_070320155849 #10-19 RT: 0.07-0.12 AV: 10 NL: 3.13E5
T: FTMS + p APCI corona Full ms [ 600.00-1700.00]
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FR245_40ppb_070315112831 #7-10 RT: 0.10-0.12 AV: 4 NL: 2.81E5

T: FTMS + p APCI corona Full ms [ 300.00-2000.00]
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Py_pipette_tip_070215171051 #76 RT: 1.01 AV: 1 NL: 2.47E7

T: FTMS + p APCI corona Full ms [ 50.00-1200.00]
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nonwovan_fabric_060118155342 #63 RT: 1.89 AV: 1 NL: 1.00E7

T: FTMS + p APCI corona Full ms [ 100.00-2000.00]
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Py_lab_coat_070215171051 #52 RT: 0.54 AV: 1 NL: 6.13E7

T: FTMS + p APCI corona Full ms [ 50.00-1200.00]
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Lab coat using ASAP MS 425C 
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Phthalates 

R-NHC=ONH2? 



PET_060824093317 #30-47 RT: 0.28-0.43 AV: 18 NL: 5.13E8

T: FTMS + p APCI corona Full ms [ 50.00-1000.00]
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ASAP 500 C of PET Pellet 
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Pyrolysis Ionization 

ASAP on steroids 
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Nui_polymer_pet_061011134824 #110 RT: 0.96 AV: 1 NL: 6.69E6

T: FTMS + p APCI corona Full ms [ 50.00-1000.00]
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API pyrolysis of PET pellet at 450 C  
(first scan…initial temp) 

Phthalate 

monomer 
dimer 

trimer 

tetramer 



PET_060824093317 #30-47 RT: 0.28-0.43 AV: 18 NL: 5.13E8

T: FTMS + p APCI corona Full ms [ 50.00-1000.00]
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Nui_polymer_pet_061011134824 #114-121 RT: 0.99-1.05 AV: 8 NL: 1.11E8

T: FTMS + p APCI corona Full ms [ 50.00-1000.00]
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API pyrolysis of PET pellet 450C 
Phthalate 

monomer 

dimer 

trimer 

tetramer 



Py_lab_coat_py_070216112244 #18 RT: 0.25 AV: 1 SB: 5 0.04-0.11 NL: 5.41E7

T: FTMS + p APCI corona Full ms [ 50.00-1200.00]
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PET dimer 
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dimer - C2H4O 
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Phathalic 
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Dimer – H2O 

Lab Coat by API Pyrolysis 700C 

All ions related to PET thermal degradation 



Py_carpet_py425_070216112244 #12-16 RT: 0.19-0.24 AV: 5 SB: 5 0.04-0.11 NL: 2.09E6

T: FTMS + p APCI corona Full ms [ 50.00-1200.00]
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Carpet pyrolysis API 425 C 
Nylon-6 monomer 

c-(CO(CH2)5NH)H+ 

Nylon 6 

Nylon-6 dimer 

H2O 

Nylon-6 trimer 

Nylon-6 tetramer 



Py_carpet_500_070216112244 #45 RT: 0.50 AV: 1 NL: 1.50E8

T: FTMS + p APCI corona Full ms [ 50.00-1200.00]
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Carpet by ASAP 500 C 
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dimer 

trimer 
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Py_carpet_py_070216112244 #10-23 RT: 0.16-0.27 AV: 14 NL: 2.81E7

T: FTMS + p APCI corona Full ms [ 50.00-1200.00]
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Pyrolysis API of carpet 700 C 

Nylon-6 monomer 



Py_pipette_tip_py_070215171051 #159 RT: 2.68 AV: 1 SB: 27 1.38-1.82 NL: 1.95E5

T: FTMS + p APCI corona Full ms [ 50.00-1200.00]
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Pipette tip API pyrolysis 700 C 

Hindered 

Phenol 
Hydrocarbon 



Py_pipette_tip_py_070215171051 #159 RT: 2.68 AV: 1 SB: 27 1.38-1.82 NL: 8.40E4

T: FTMS + p APCI corona Full ms [ 50.00-1200.00]

580 600 620 640 660 680 700 720 740 760 780 800 820

m/z

0

5

10

15

20

25

30

35

40

45

50

55

60

65

70

75

80

85

90

95

100

R
e

la
ti
v
e

 A
b

u
n

d
a

n
c
e

604.3063
C33 H50 O6 P2

684.7494

C49 H96

600.6553

C43 H84

642.7022

C46 H90 726.7961
C52 H102 768.8427

C55 H108
712.7802
C51 H100628.6864

C45 H88
670.7332
C48 H94

586.6396
C42 H82 754.8268

810.8896
C58 H114

796.8741

C57 H112

620.3008
656.7185

C47 H92 698.7650
C50 H98

740.8117
C53 H104

782.8582

823.8964

730.3509

Ultranox 626 C3H6 

API Pyrolysis pipette tip (polypropylene) 

2-db 

1-db 



Py_lpolystyrene_070216112244 #92 RT: 0.99 AV: 1 SB: 7 0.01-0.11 NL: 1.75E5

T: FTMS + p APCI corona Full ms [ 50.00-1200.00]
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Styrene t-Bu ends, 104 repeat 

Polystyrene standard 35K by ASAP 450 C 

PhCHCH=CHPh]+ 



Py_Styrene 25K_py_070216112244 #12-17 RT: 0.19-0.26 AV: 6 SB: 4 0.02-0.07 NL: 7.69E5

T: FTMS + p APCI corona Full ms [ 50.00-1200.00]
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API Pyrolysis PS Standard 425 C 

PS monomer 

PS dimer 
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phenyl 

PS trimer 
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Orbitrap 100,000 resolution 



Conclusion:  ASAP and Py-ASAP 

MS of Polymers 

• Rapid methods for analysis of additives 

• and identifying polymers 

• AP pyrolysis gives better representation of 
high mass species than traditional pyrolysis 
methods 

• Useful in combination with TGA analyses 

• Unknown:  What ions will be observed below 
m/z 50 

 



ASAP for Polymer Additive  

and Volatile Oligomer Analysis 

• Obtain mass of additives in seconds 

• No sample extraction or preparation required 

• No vacuum lock 

• Accurate mass or MS/MS for confirmation 

• Molecular distribution can be obtained for 

volatile polymers 
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